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ABSTRACT: Nanopowders of aluminum-substituted (0−20 mol %)
hydroxyapatite (HA) with the average size of 40−60 nm were synthesized
by the precipitation method from nitrate solutions. A series of samples
were studied by various analytical tools to elucidate the peculiarities of Al
introduction. Electron paramagnetic resonance and pulsed electron-nuclear
double resonance data demonstrate that incorporation of Al resulted in a
decrease in the concentration of impurity carbonate anions and lead to an
increase in the number of protons in the distant environment of the
impurity nitrogen species. Density functional theory calculations show that
the Al3+ incorporation is accompanied by the local positional rearrange-
ment and the distortion of anion channel geometry. An in vitro test conducted on MG-63 cells demonstrates the
cytocompatibility and magniﬁcation of the surface matrix characteristics with Al doping.
1. INTRODUCTION
Hydroxyapatite (HA) is one of the most attractive biomaterials
for bone reconstruction due to its excellent biological
compatibility and osteoconductivity.1,2 During recent years,
much eﬀorts have been done in developing synthetic HA to
enhance its biological and mechanical properties for use in
biomedical applications that can be mainly achieved by cationic
substitutions of calcium ions.3 Aluminum can serve as one of the
substituents for increasing the densiﬁcation during the sintering
of bioceramic materials.4 Composite materials based on
hydroxyapatite and Al2O3 with the formation of Al-HA
containing clinoptilolite demonstrated biocompatibility and
absence of acute toxicity for SAOS-2 cells.5 Kolekar et al.
synthesized aluminum-doped HA powders by the solution
combustion method with heat treatment at 950 °C and showed
the absence of toxic eﬀects for Al-HA particles on cell lines
L929.6 At the same time, some studies also suggest that Al (in
drinking water, for instance) is linked with brain dementia,
including Alzheimer’s disease.7,8 However, other investigations
demonstrate the absence of the diﬀerence between the Al
content in the human brains of healthy people and Alzheimer’s
disease patients.9 Thus, the biological eﬀect of Al remains
controversial (both positive and negative functions of the
element in the human body have been reported).10
Besides being used in developing bioceramics, Al-HA is a
promising material for other applications. Al-HA is considered
as an eﬃcient membrane adsorbent for ﬂuoride in groundwater
puriﬁcation.11,12 The nanoscale powders of Al-HA are proposed
for drug delivery.6 The composite materials based on Al-HA and
AlPO4 with (Ca + Al)/P = 1.62 and Ca/Al = 1.02 are considered
as the catalysts for dehydration of ethanol to diethyl ether.13
Hydroxyapatite can be found in nature in two diﬀerent
phases: hexagonal andmonoclinic, the latter probably associated
with the stoichiometric HA.14,15 In the present work, we
investigate the hexagonal form of HA with a space group of P63/
m. This type of HA is involved in bone formation. The crystal
structure of HA has been described in details by Kay et al.16
There are four diﬀerent types of crystallographic positions in the
apatitic unit cell. Four calcium ions per unit cell, called Ca(I), are
in columns parallel to the c axis and are surrounded by nine
oxygen atoms. Other calcium ions, six per unit cell, called Ca(II),
form two equilateral triangles along the c axis at z = 1/4 and 3/4,
a so-called anion channel. Hydroxyl groups are located on the
hexagonal c axis. The structure is completed by six PO4
3− anions,
where each P atom is coordinated by four oxygen atoms.
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Generally, the localization of the substituting cation in the
apatite structure correlates to its ionic radius.17 Al3+ can
substitute both Ca(I) and Ca(II) sites, causing signiﬁcant lattice
distortions: the Ca(I) site is smaller in volume than the Ca(II)
site, while the ionic radius of Al3+ is less than this for Ca2+ (0.051
and 0.104 nm, respectively).17 In ref 18, Nounah et al. discussed
the impact of site volume. It was assumed that the introduced
ions prefer to occupy a calcium site with the corresponding
volume that leads to speculation of the preferred Ca(I) position
for Al3+. However, the charge of the ions and the strength of the
corresponding bonds also inﬂuence the distribution of the
substitutional cations betweenCa(I) andCa(II). As the trivalent
cation Al substitutes divalent Ca, a charge compensation is
needed. According to the density functional theory (DFT)
calculations, Al3+ preferentially substitutes the Ca(II) site with
the formation of Ca2+ vacancy.10 However, the authors of ref 10
did not take into account in their calculations other charge
compensationmechanisms like the loss of the H atom in theOH
group. The charge compensation scheme might also depend on
the way of HA synthesis.
There are diﬀerent methods of Al-HA nanoparticles synthesis
besides the solution combustion method.6 Wakamura et al.
obtained pure Al-HA nanoparticles by coprecipitation and ion-
exchange methods.19 Fahami et al. applied the mechanical
activation method and acquired Al-HA nanoparticles with the
nanospheroids with an average size of 44 ± 20 nm.20 Nie et al.
synthesized aluminum-substituted hydroxyapatite powders with
Al/Ca from 0 to 0.5. by the coprecipitation method and
obtained nanoparticles without any impurity phases in as-
synthesized materials.12
In our previous work, we demonstrated enhanced solubility of
Al in the β-tricalcium phosphate matrix synthesized by the
precipitation method.13 In the present paper, we use the same
reaction route to synthesize aluminum-substituted hydroxyapa-
tite powders and to investigate them by diﬀerent analytical
methods to follow the changes caused by aluminum
introduction. Among the analytical tools usually used for HA
sample characterization, we have comprehensively studied the
Al-HA species by electron paramagnetic resonance (EPR)
spectroscopy in both conventional (cw) and pulsed (electron
spin-echo, ESE) modes and pulsed electron-nuclear double
resonance (ENDOR) spectroscopy in two frequency ranges: X-
band (microwave frequency of νmw≈ 9 GHz) andW-band (νmw
≈ 95 GHz). The obtained experimental results are compared
with the performed DFT calculations.
2. MATERIALS AND METHODS
2.1. Synthesis. Samples of Al-HA with the chemical formula
Ca10−xAl2x/3(PO4)6(OH)2 were synthesized with X = 0; 0.005;
0.05; 0.2. The ratio of Ca/Al as (10− x)/(2x/3) was selected for
taking into account the valency of Ca2+ and Al3+ to save the
charge balance of the compound. The synthesis was conducted
by the precipitation method according to the following reaction
using reactants of analytical grade and double-deionized water:
− + +
+ → +
+
−
x x(10 )Ca(NO ) 6(NH ) HPO (2 /3)Al(NO )
8NH OH Ca Al (PO ) (OH) 20
NH NO 6H O
x x
3 2 4 2 4 3 3
4 (10 ) 2 /3 4 6 2
4 3 2 (1)
The amount of initial reagents is listed in Table 1. The
diammonium hydrogen phosphate solution was added dropwise
into calcium and aluminum nitrate solutions during permanent
mixing by the overhead stirrer. The pH of the reaction mixture
was maintained at a level of 9.0−9.5 by adding aqueous
ammonia. Powders were ripened at the mother solution for 21
days at a temperature of 25 °C for full crystallization of the
precipitate.21,22 Obtained powders were separated by vacuum-
suction ﬁltration, washed in deionized water three times, and
dried at 60 °C for 24 h. The powders were heat-treated at 300°C
for 3 h in air to remove ammonium nitrate, an impurity phase.
2.2. Powder Characterizations. For determination of Al
content in the precipitates, powders were heat-treated at 900 °C
for water removal, dissolved in a HCl−HNO3 mixture, and
analyzed by atomic emission spectroscopy with inductively
coupled plasma (AES-ICP, HORIBA Jobin Yvon, ULTIMA 2).
The powder materials were characterized by the X-ray
diﬀraction (XRD) method (Shimadzu XRD-6000, Cu Kα
radiation, 2θ range from 10 to 60° with a step of 0.02°) with the
identiﬁcation of phase composition according to JCPDS and
PCPDFWIN databases. The lattice parameters of HA were
determined by the Rietveld reﬁnementmethod. TheGaussian ﬁt
obtained by Origin software was used for establishing the peak
(002) full width at half-maxima for calculating the crystalline size
(D) by the Scherrer equation23 according to
λ θ=D k B/( cos )1/2 (2)
where k is the shape factor equal to 0.9, λ = 0.15406 nm is the
wavelength of X-rays, B1/2 is the full width at half-maximum
(FWHM) of X-ray reﬂection in radians, and θ is the Bragg
diﬀraction angle. Fourier-transformed infrared absorption
(FTIR) spectra of the samples were measured using KBr on a
Nikolet Avatar FTIR spectrometer, and spectra were obtained in
the range from 4000 to 400 cm−1 to evaluate the functional
group of the specimens. The particle morphology of synthesized
powders was assessed by ﬁeld emission gun scanning electron
microscopy (FEG SEM) (CrossBeam 1540 EsB, Carl Zeiss, gold
sputtered specimens in the SEMmode, accelerating voltage of 7
kV, 5 mmWD, 30 μm aperture size). The particle investigations
were also conducted by transmission electron microscopy
(TEM) with X-ray energy-dispersive spectroscopy (XEDS) in
the mapping mode to establish the elements’ distribution in
powders (JEOL JEM 2100 with Oxford Inca, carbon sputtered
specimens, accelerating voltage of 200 kV).
Conventional and pulsed X-band and W-band EPR measure-
ments were carried out on a Bruker ElexSys 580/680
Table 1. Powders’ Composition, Lattice Parameters, and Crystalline Sizes
Ca
substitution
by Al,mol % stoichiometric formulae
m
Ca(NO3)2·
4H2O, g
m
Al(NO3)3·
9H2O, g
m
(NH4)2
HPO4, g
Al
theoretical,
mol %
Al
theoretical,
wt %
Al
measured,
wt %
cell
parameter
a, nm
cell
parameter c,
nm D, nm
0 Ca10(PO4)6(OH)2 58.76 0.00 19.72 0 0 <10
−4 0.9441(7) 0.6890(8) 20(3)
0.5 Ca9.95Al0.033(PO4)6(OH)2 58.54 0.31 19.74 0.5 0.086 0.082(3) 0.9442(7) 0.6888(6) 23(4)
5 Ca9.5Al0.33(PO4)6(OH)2 56.46 3.14 19.95 5 0.876 0.84(3) 0.9425(7) 0.6885(6) 19(4)
20 Ca8Al1.33(PO4)6(OH)2 49.23 13.01 20.65 20 3.629 3.62(4) 0.9421(8) 0.6859(8) 18(5)
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spectrometer (Bruker). Field swept electron spin echo (FS ESE)
spectra were recorded with the standard pulse sequence π/2− τ
− π with a π/2 pulse duration of 40 ns for the W-band and 16 ns
for the X-band and a minimal time delay τ = 240 ns. T2e was
studied by tracking the primary ESE amplitude with the same π/
2 − π pulse durations while varying τ with the minimal possible
step of 4 ns. T1e was extracted from an inversion-recovery
experiment by applying the π − Tdelay − π/2 − τ − π pulse
sequence, where both the π pulse duration and τ are ﬁxed while
Tdelay is varied. ForMims ENDOR,
24 the pulse sequence π/2− τ
− π/2 − T − π/2 with an additional RF pulse πRF = 18 μs
(optimized for 1H nuclei) inserted between the second and third
microwave π/2 pulses was applied. The RF frequency in this
setup could be swept in the range of 1−200 MHz. EPR spectra
were simulated with the EasySpin utility.25 To create stable
paramagnetic centers in the nominal pure material, X-ray
irradiation of the synthesized powders was provided by using a
URS-55 source (U = 55 kV, I = 16 mA, W anticathode) at room
temperature during 30 min. with the estimated dose of 5 kGy.26
The calculations were carried out on the basis of the density
functional theory with the plane-wave basis and Vanderbilt
ultrasoft pseudopotentials27 employing the Quantum ESPRES-
SO program package.28 The generalized-gradient approximation
for the exchange-correlation functional of Perdew, Burke, and
Ernzerhof (GGA-PBE)29 was used. Kinetic energy cutoﬀs of 45
Ry for the smooth part of the electron wave functions and 300
Ry for the augmented electron density were set up.
The initial geometry and the unit-cell parameters for HA were
taken from.30 The 1 × 1 × 1 monoclinic supercell (space group
P21/b with 88 atoms in the cell) previously was proved to be
suﬃcient to reproduce EPR and ENDOR spectra31 and phonon
spectra32 of both pure and dopedHA crystals and, thus, was used
for the present study. The diﬀerence in the notations of principal
axes for the monoclinic (used in the calculations) and hexagonal
(used in the experiment) modiﬁcations, as it is demonstrated by
our results, should not lead to confusion.
The geometry optimization was performed in two steps. In
the ﬁrst step, the atomic positions were allowed to relax keeping
the cell parameter ﬁxed and then both the coordinates and cell
dimensions were fully relaxed. The convergence condition on
forces was 10−3 au. The Brillouin zone integration was
performed on a Monkhorst−Pack 2 × 2 × 1 k-point mesh.33
In vitro cytotoxicity of bioceramics granules based on HA,
0.5Al-HA, and 20Al-HAwas carried out by using theMTT assay
using a model cell line of human osteosarcoma MG-63 (Russian
Collection of Cell Cultures, Institute of Cytology, Russian
Academy of Sciences, St. Petersburg). Bioceramic granules were
obtained according to the technology described by Komlev et
al.34 In short, the slurry of polymer and powder was introduced
into hot oil media during the rotation of the stirrer. Granules
were formed due to the eﬀect of immiscible liquids. Further
sintering was conducted at 1200 °C during 2 h. Themorphology
of bioceramic granules was characterized by SEM. The sterile
samples (dry heat sterilization at 180 °C during 1.5 h) of
bioceramic granules were placed into 96-well plates for
cultivation (Corning Costar) into triplets with one plate per
incubation period and covered with complete growth medium
(CGM) that contained DMEMmedium (PanEko, Russia), 10%
fetal bovine serum (PAA, Austria), glutamine (0.65 mg/mL,
PanEko, Russia), and gentamycin (50 μg/mL, PanEko, Russia).
After establishing the neutral values of pH, the plates with
examined samples and without them (control with cultural
plastic, polystyrene) were introduced with a cell suspension (the
MG-63 culture at a density of 7000 cells per well) at 200 μL of
the CGM, which was incubated for 1, 3, and 7 days with regular
replacements of the CGM. All of the procedures were performed
under sterile conditions in an atmosphere of moist air that
contained 5% CO2 at 37°C. The viability of MG-63 cell lines
over time was assessed using anMTT test, which is based on the
ability of dehydrogenase of living cells to reduce 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2h-tetrazolium bromide
(MTT) into formazan. The amount of formazan formed that
is estimated spectrophotometrically (Thermoscientiﬁc, λ = 540
nm) describes proliferative activities (viability and amount) of
diﬀerent human and animal cells.35 The pool of viable cells
(PVC) was evaluated at diﬀerent stages of the experiment as a
ratio of the optical density of formazan solution (MTT reaction
product) on a certain day of the experiment (1, 3, and 7 days) to
the optical density in control. A specimen was assumed to be
cytocompatible in the absence of cytotoxicity (PVC≥ 70%) on a
certain day of cultivation. Additionally, for cytocompatible
samples, the increase in cell population (with respect to the ﬁrst
day of cultivation) was assessed.
The obtained results were processed by conventional
methods of variational statistics using Microsoft Excel 2000.
The signiﬁcance of diﬀerences was assessed using a parametric
Student t-test; diﬀerences were considered statistically signiﬁ-
cant at p < 0.05.
3. RESULTS AND DISCUSSION
3.1. Powder Properties. Data on Al content in the
investigated species are presented in Table 1, which shows
that the chemical composition of synthesized materials is close
to the predetermined one. According to the XRD analysis, the
powders consist of only the hydroxyapatite (JCPDS #09-432)
phase with a low crystallinity degree (Figure 1). We did not
observe the formation of other phases in the case of even high Al
substitution in contrast to the data of Kaygili et al.,4 who
demonstrated that the formation of AlPO4, CaP4O11,
Al3(PO4)2(OH)3(H2O)5, and Ca2Al(PO4)2(OH) started from
10% Al-doped HA obtained by sol−gel synthesis. Kolekar et al.
demonstrated the formation of HA and Al2O3 for 0.5−2.5 mol %
Al-substituted powders obtained by modifying the solution
combustion method.6 Wang et al.10 demonstrated the presence
of the only apatite phase in the case of 2.78 wt % of Al
substitution, but further increase of Al amount resulted in the
Figure 1.XRD spectra of Al-HA powders. • - HA (JCPDSNo. 09-432).
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formation of impurity phases of CaHPO4, AlPO4, and
Ca3(PO4)2 in the case of the predicted Al content of 5.56 wt.
%. So, we should focus on the entry of the whole amount of
introduced Al in the lattice of synthesized Al-HA in the case of
the coprecipitation method according to XRD in the present
work. Synthesis of the 20 mol % Al-substituted HA structure
without other impurity phases is reported for the ﬁrst time to the
best of the authors’ knowledge.
We observed a sharp decrease of the diﬀractogram resolution:
the shape of the triplet between 30.5 and 33.5° of Al-HA samples
became smoother with the introduction of Al, and the peaks
shifted to larger angle areas. Parameters a and c were calculated
as a function of the Al content, and the results are presented in
Table 1. The monotonous decrease of cell parameters a and c is
observed. It is due to lower ionic radii for Al3+ compared with
Ca2+ (0.051 and 0.104 nm, respectively).17 The data of the
calculation of D is reported in Table 1. The slight decrease of
crystalline size with the growth of Al3+ content is also
demonstrated.
In Figure 2, the FTIR spectra typical for HA are shown.36 The
sharp peak at 3570 cm−1 corresponds to the stretching vibration
of OH−, and a vibrational band of OH− at 635 cm−1 gradually
decreases in intensity with the increase of Al amount. These data
correlate to the results of Wakamura et al.19 and indicate the
lattice deformation of HA with Al incorporation. One can also
notice a decrease in the depth of adsorbed H2O broad regions at
2900−3400 and 1780−1525 cm−1. The phosphate groups
present a doublet at 570 and 600 cm−1 arising from the P−O
bending mode ν4; the broad triplet at 420−480 cm−1 was
attributed to the doubly generate bending mode ν2.
The stretching vibration of the ν1 phosphate group peak at
962 cm−1 decreases in intensity with the increase of Al3+
substitution, and the peak at 875 cm−1 disappears for 20 mol
% Al (Figure 3a,b). The intensity of deformations of P-OH
groups of HPO4
2− ions increases with the growth of Al3+ content
at 820 cm−1 (Figure 3c).37 The stretching vibration mode of the
phosphate group ν3 presents a doublet at 1050 and 1100 cm
−1.
Nitrate residues from reactants are detected as bands at 1380
cm−1.38 This nitrate group can be used as a precursor for a stable
radiation-induced radical for EPR and ENDOR investigations39
described in the next section. The doublet at 1410−1540 cm−1
corresponds to the vibration mode ν3 of CO3
2− absorbed from
the air and becomes smoother and decreases in intensity with
Al3+ content.40
FEG SEM data demonstrate the formation of powder
agglomerates formed by nanoparticles for all synthesized species
(Figure 4). Pure HA powder consists of predominately spherical
and uniaxial particles with average sizes of 50−100 nm.
The introduction of Al results in the formation of uniaxial
crystals with a width of 10−20 nm and length of 30−40 nm. The
growth of Al content leads to the appearance of prismatic
powders with an average length of 100−150 nm for 5Al-HA.
Needlelike crystals with length of 100−250 nm are formed for
20Al-HA powders. Thus, doping of HA by Al provokes the
formation of a highly anisotropic phase.
According to TEM data, the particles of HA powders were
predominantly round-shaped with an average radius of 30 nm
(Figure 5). 0.5Al-HA consists of uniaxial and irregular-shaped
particles with a size of 30−50 nm (Figure 5b). In agreement with
SEM data, an increase of Al content resulted in the formation of
prismatic particles, and needlelike and prismatic particles were
observed for 5Al-HA and 20Al-HA samples with changes of
length from 70−80 to 100−150 nm with Al growth. The similar
shape evolution of HA particles as-synthesized by the
precipitation method with substitution up to 10 mol % of Al
has been described in ref 20.
The images of mapping obtained by the XEDS analyzer
demonstrate the distribution of elements in powders (Figure 6).
Pure HA is formed by Ca, P, and O. The introduction of 0.5 mol
Figure 2. FTIR spectra of Al-HA powders.
Figure 3. Inﬂuence of Al3+ content on the intensity of ν1 of the PO4
3− group (a, b) and the P-OH group of HPO4
2− ions (c).
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% of Al resulted in the appearance of feeble signals of Al. The
increase of Al content leads to an intensiﬁcation of the Al signal
and decrease of the Ca signal density. We did not observe any
anomalous zones of Al distribution linked with the presence of
the shell−core structure or the appearance of Al-enriched
phases. It conﬁrms the results of XRD analysis and evidences the
formation of Al-substituted HA.
3.2. EPR and ENDOR Studies. Figure 7 shows the EPR
spectra of pure HA and 20Al-HA in the X-band. The samples
contain paramagnetic impurities in low concentration that can
be estimated (from the sensitivity limit of our equipment) asC <
1015 spin/g and ascribed to the carbonate radical CO2
− (see refs
41, 42). The authors of the mentioned papers indicate the
possibility of the existence of an isotropic signal from CO2
− with
g-factor in the range of 2.007−2.008 and an anisotropic one
(corresponding to C2v symmetry) with g1 = 2.0030; g2 = 2.0015;
g3 = 1.997. Thus, the EPR signal in “pure” HA is most likely due
to the anisotropic signal from CO2
− with rotation around the
O−O axis so that the values of g1 and g2 are averaged.
As seen from Figure 7, aluminum introduction reduces the
intensity of the native EPR signal to the spectrometer noise level.
In ref 31, an inverse correlation between the levels
(concentrations) of the nitrogen-centered impurity NO3
−
centers and carbonate anions was shown. It was explained by
the “displacement” of NO3
− impurity centers from the
phosphate positions. It is diﬃcult to determine directly from
EPR experiments the mechanism by which the introduction of
the aluminum cation would lead to a decrease in the
concentration of carbonate anions. The following schemes can
be proposed.
(1) A decrease in the crystallinity of the samples with the
introduction of aluminum (according to XRD data) leads
to a complete averaging of the anisotropy of the g-factors
of CO2
− and higher variations of the crystal ﬁeld
parameters. This leads to a broadening of the EPR signal
and the impossibility of its detection against the noise
level.
(2) It is known that carbonate radicals can occupy the
position of OH groups and phosphates in the structure of
apatites (A and B types of substitutions, respectively42,43).
When aluminum is introduced, additional introduction of
OH groups is possible, leading to the displacement of
carbonate groups from OH channels.
(3) According to the data of ref 44, a part of aluminum in
apatite structures at high concentrations can replace
positions of phosphorus, which in turn can also lead to the
reduction of B-type carbonates.
(4) The introduction of aluminum causes an increase of the
proton-containing groups (HOH, OH, H), which, as is
well known, enhances the rate of recombination of
radicals. Therefore, the amount of CO2
− also decreases.
X-band EPR spectra for pure HA and 20Al-HA samples after
irradiation are presented in Figure 8. These signals are due to the
stable nitrogen radicals NO3
2−, which has one unpaired electron.
Accordingly, this center has an electron spin S = 1/2. Nitrogen
(14N) present in this radical possesses nuclear spin I = 1.
Figure 4. TEM data of HA (a) and Al-HA samples, with 0.5 (b), 5 (c), and 20 (d) mol % of Al.
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Consequently, an unpaired electron magnetic moment of the
NO3
2− radical interacts with the magnetic moment of the
nitrogen nucleus (hyperﬁne interaction, HF), which leads to the
presence of additional splitting of the HF structure in the EPR
spectrum and characterized by an HF constant denoted A.
HF interaction is anisotropic, that is, it depends on the
orientation of the molecule relative to the external magnetic
ﬁeld. The EPR spectra of the samples are described by the spin
Hamiltonian of axial symmetry for S = 1/2 and I = 1. A detailed
description of the EPR spectra of nitrogen-centered radicals with
calculations in the framework of DFT models is given in ref 24.
Figure 9 shows the corresponding spectra simulations for HA
and 20Al-HA in both X- andW-bands with the parameters given
in Table 2. Comparison of the obtained spectroscopic
parameters with literature data24 suggests that the stable
NO3
2− radicals are localized in phosphate positions with charge
compensation in the form of the vacant position of the nearest
calcium ion. Their concentration for the chosen irradiation dose
can be estimated as 8(1)·1018 spins/g.
In addition to the nitrogen radicals after irradiation, in the
studied samples a signal with g≈ 2.014(3) in the X-band spectra
is detected (Figure 9a). There is no consensus in the literature
about the exact nature of this signal. Most often it is attributed to
the carbonate radical CO3
−, formed from the nonparamagnetic
CO3
2− by capturing a hole.42 With an increase in the aluminum
concentration, the intensity of this signal remains almost
unchanged. Apparently, the introduction of an Al ion with an
excess positive charge of 3+ should contribute to an increase in
the number of CO3
− radicals. However, the mechanisms
described above for reducing the total amount of carbonate
radicals with the introduction of aluminum ions probably lead to
the observed experimental fact that the number of implanted
cations has a weak eﬀect on the signal with g ≈ 2.014.
In a number of our previous works, it was shown that the
spectroscopic and relaxation parameters of the stable NO3
2−
radicals in various calcium phosphates are extremely sensitive to
changes in their local environment like the introduction of
cations and anions, the transition from microsize to nanoscale
samples, the phase transition to other types of calcium
phosphate, etc.31,32,46−48 This allows the use of NO3
2− as a
sensitive paramagnetic probe. In this paper, we decided to trace
how the introduction of a nonparamagnetic trivalent aluminum
cation aﬀects the EPR characteristics of this probe.
EPR parameters (components of g- and A-tensors) in both X-
and W-bands practically do not change with Al3+ doping (Table
2). Relaxation timesT2e andT1e weremeasured in theW-band at
room temperature in perpendicular B⊥ and parallel B||
orientations (the B values were chosen for the corresponding
pure parallel and perpendicular orientations of the external
magnetic ﬁeld with respect to the main axes of the g-tensor of the
nitrogen-centered radical; see Figure 9b and paper 24). The
resulting decay/recovery curves were approximated by single-
exponential functions with T1 = (25−37) μs and T2 = (1.6−3.0)
μs, almost independent of the chosen orientation and
concentration of aluminum cations. Thus, the introduction of
aluminum does not lead to the appearance of additional
relaxation mechanisms for NO3
2− in contrast to the doping with
the paramagnetic manganeseMn2+ ions.46,47 Therefore, it can be
concluded that in the case of Al3+ cations and NO3
2− anions
codoping, the ions are positioned far away from each other to
inﬂuence the NO3
2− surrounding.
Figure 5. Morphology of HA (a) and Al-HA samples, with 0.5 (b), 5 (c), and 20 (d) mol % of Al for the 200 nm scale.
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For the samemagnetic ﬁelds B⊥ and B||Mims ENDOR spectra
in the W-band at T = 50 K for protons (1H, I = 1/2) and
phosphorous (31P, I = 1/2) were measured. Figure 10 presents
the31P ENDOR at the Larmor frequency of phosphorus. The
magnitudes of the superhyperﬁne splittings are given in Tables 3
and 4. They coincide with the data of ref 24, corresponding to
the localization of the nitrogen-centered radical in the B
position. It can be seen that the introduction of aluminum
impurities does not aﬀect 31P ENDOR.
Figure 11 presents the ENDOR spectra at the Larmor
frequency of protons. In pure HA, as well as for phosphorus
nuclei, the type of spectra and the magnitude of the splitting
correspond to the data listed in refs 24,39 and are determined by
the set of hydrogen protons closest to the NO3
2− radical. The
introduction of aluminum impurities does not change the given
splitting values. For the spectrum of pure HA and with the
maximum concentration of aluminum impurity, the values of the
superhyperﬁne splittings remain the same. Consequently, the
closest environment of the nitrogen radical does not change.
However, as the aluminum concentration increases, the signal at
the center of the spectra (at the Larmor frequency of the
protons) increases in intensity for both values of the external
magnetic ﬁeld.
Figure 12 shows the diﬀerence ENDOR spectrum  the
ENDOR spectrum of a sample with 20% Al is subtracted from
the ENDOR spectrum of a “pure” HA sample for 1H in for B⊥.
The diﬀerence 1H ENDOR spectrum can be well described by
Figure 6. Comparison of TEM and EDS images between HA (upper panel) and 20Al-HA (lower panel) samples.
Figure 7. Continuous wave X-band EPR spectra at T = 300 K for pure
HA and 20Al-HA samples. Insets show the normalized detailed spectra
in the vicinity of the obtained EPR signals.
Figure 8. Continuous wave X-band EPR spectra at T = 300 K for pure
HA and 20Al-HA samples after X-ray irradiation. g- and A −
components are marked.
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the Lorentzian shape of the curve with the FWHM Δν = 0.21
MHz. If we take the point-dipole model to describe the
interaction of electron and nuclear spins, we can estimate the
corresponding average distance between the hydrogen and the
nitrogen radical as r = 0.72 nm. Thus, the introduction of
aluminum leads to an increase in the number of protons in the
distant environment (remote protons) of the nitrogen radical,
located at a distance of approximately 0.72 nm and farther on.
This is consistent with the literature data on the FTIR20 on the
increase in the number of protic groups with the introduction of
aluminum and the above-mentioned arguments.
3.3. DFT Results. To provide an atomic scaled insight into
the eﬀects of positional reorganization and deformation of the
HA crystal upon Al inclusion, the DFT calculations were
performed. With regard to the aluminum impurity inclusion in
HA, when Al3+ replaces Ca2+, two possible schemes of charge
compensation were considered. In the ﬁrst scheme, the
replacement of two Ca2+ ions by two Al3+ ions is accompanied
by the creation of a Ca2+ vacancy. In the second scheme, for each
Al3+ introduced in the Ca2+ position, the loss of one proton
Figure 9. (a) Experimental and simulated X-band cw EPR spectra for the irradiated 20Al-HA sample with the parameters of simulation given in Table
2. (b) Experimental and simulated W-band pulsed EPR spectra detected at T = 50 K for the irradiated HA sample with the parameters of simulations
given in Table 2. Electronic relaxation times and ENDOR spectra were measured in magnetic ﬁelds B⊥ and B|| shown in the (b) panel.
Table 2. Parameters for the Simulation of the Nitrogen-
Centered Species in Al-HA Samples for Both Frequency
Ranges (X- and W-Bands)
Al
content
(%) g|| g⊥ A|| (MHz) A⊥ (MHz)
0 2.0018(4) 2.0061(3) 190 (6.8 mT) 103.7 (3.7 mT)
0.5 2.0019(4) 2.0059(3) 193 (6.9 mT) 105.8 (3.8 mT)
5 2.0018(4) 2.0060(3) 192 (6.85 mT) 101 (3.6 mT)
20 2.0018(4) 2.0061(3) 190 (6.8 mT) 103.4 (3.7 mT)
Figure 10.W-band ENDOR spectra in the vicinity of Larmor frequency
of 31P for the perpendicular (a) and parallel (b) magnetic ﬁelds (cf.
Figure 9b). Values of a1 and a2 are given in Table 3.
Table 3. Experimental Values of ENDOR Splittings (inMHz)
for 31P (See Figure 10)
B0 = B⊥ B0 = B||
a1 0. 69(2) 0.68(3)
a2 0.47(2) 0.51(4)
Table 4. Experimental Values of ENDOR Splittings (inMHz)
for 1H (See Figure 11)
B0 = B⊥ B0 = B||
a1 1. 03(4) 1.00(6)
a2 0.76(3) 0.36(5)
a3 0.57(3)
a4 0.31(2)
Figure 11.W-band ENDOR spectra in the vicinity of Larmor frequency
of 1H for the perpendicular (a) and parallel (b) magnetic ﬁelds (cf.
Figure 9b). Values of a1−a4 are listed in Table 4.
Figure 12. Diﬀerence 1H ENDOR spectrum (the ENDOR spectrum
for the sample with 20%Al is subtracted from the ENDOR spectrum for
the sample of pure HA) in the region of the Larmor frequency of
hydrogen and its ﬁtting with the Lorentz curve.
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belonging to the hydroxide ionmaintains the electroneutrality of
the crystal. An alternative scheme of the introduction of Al in
HA, when Al substituted the P atom in orthophosphate, was
proposed in.44,45 We did not succeed in the geometry
optimization of the latter scheme; thus, in the present work,
we consider only the cases when the Al3+ substitutes the calcium
cation.
In the unit cell, overall three combinations of two aluminum
positions could be achieved, when the impurity takes the place of
calcium in Ca(I)/Ca(I), Ca(I)/Ca(II), and Ca(II)/Ca(II)
positions. The Ca vacancy formation was assumed to be in one
of the closest to Al3+ positions. The averaged energy values for
every type of inclusion are given in Table 5. From this, one can
conclude that the substitution in the Ca(II)/Ca(II) position is
the most energetically favorable, the Ca(I)/Ca(II) position is
less favorable but still comparable with Ca(II)/Ca(II), and the
Ca(I)/Ca(I) position has statistically the least energy values.
These observations point out the preferable location of
aluminum ions in the anion channel and are in agreement
with the data obtained by Wang and coauthors, obtained for the
hexagonal HA cell.10 For the second scheme of charge
compensation, two Al3+ ions were introduced in Ca(II)
positions in the same anion channel and in two diﬀerent anion
channels. The introduction leads to the release of two H+ from
the hydroxide ions, which are positionally the closest to the
aluminum ions. A notable energy beneﬁt was observed when
Al3+ ions were placed in the diﬀerent channels. The most energy
favorable geometries are shown in Figure 13. These ﬁndings
agree well with the XEDS experimental observations of the
present work about the rather even distribution of aluminum
ions over the HA crystal than in a locally concentrated manner,
which, in turn, is in agreement with the results of Wang et al.10
Despite a rather slight distortion of the lattice, the
introduction of Al3+ leads to a notable reorganization of its
surrounding. Both orthophosphate and hydroxide ions (or O2−
ion depending on the charge compensation scheme) tend to
bring their oxygen atoms closer to the aluminum position. As a
result, up to four oxygen atoms within the coordination sphere
of Al3+ are placed at the distance of 1.9−2.0 Å, while for Ca2+ this
distance amounts to 2.3−2.5 Å. The structural reorganization in
the HA cell is accompanied by a slight rotation of the PO4
molecule around the P center (the shift of P atoms is not larger
than 0.2 Å). On the contrary, the positional displacement of the
light OH− molecule toward the Al3+ position is quite large (by
0.6−0.7 Å). It is worth noting that Al3+, having a smaller radius
than Ca2+, tends to approach the orthophosphate molecules and
to shift away from the anion channel retaining the OH−/O2− ion
(depending on the charge compensation scheme) in the bound
state and, thus, distorts the geometry of the channel (Figure 13).
The overall shift of Al3+ from the corresponding Ca2+ position is
0.8−0.9 Å. Such a displacement of the OH− molecule inclines
the O−H bond from the anion channel axis (the angle O(H)···
O-H changes from 0 to ∼70°). These positional alterations can
result in the changes of OH− vibrations detected by FTIR
spectroscopy. Besides, the interactions between Al3+ and the
oxygen atoms belonging to the orthophosphate and hydroxide
ions lead to the redistribution of electron density and to the
elongation of O−P bonds. In turn, such a perturbation is
expected to appear as a shift or broadening of the vibrational
bands in the infrared spectrum.
To further extend the theoretical exploration of the
experimental system studied, the NO3
− ion (the precursor of
the nitrate radical used for EPR as an intrinsic spin probe) was
introduced to the HA cell containing Al3+. The nitrate molecule
substituted the PO4 position (B-type) as it was detected to be
more experimentally relevant than the substitution of the OH−
ion.24 Comparing a number of positional combinations, it was
argued that the remote location of NO3
− was more energetically
favorable than its positioning in the proximity of Al3+. This could
be due to the larger polarity of the P−O bond than the N−O
bond, which results in more favorable interactions of aluminum
with the orthophosphate ion than with the nitrate ion. The
distant location of Al3+ and NO3
− is also followed by the EPR
study. As a comparison, EPR experiments and ab initio analysis
Table 5. Calculated Energy of the Pure HA Cell and That
Codoped with Al3+ Ions
crystal structure total energy, Ry
pure HA −3336.625
HA doped at Ca vacancy formation
Ca(I)/Ca(I) −3136.608 (0.013)
Ca(I)/Ca(II) −3136.647 (0.02)
Ca(II)/Ca(II) −3136.656 (0.017)
HA doped at H+ vacancy formation
Ca(II)a −3209.290
Ca(II)b −3209.348
aLocation in the same anion channel. bLocation in diﬀerent anion
channels. The standard deviation values are given in parentheses.
Figure 13. Optimized geometry of pure HA (A) and HA containing Al3+ impurity (B−D). The most energetically favorable inclusion of Al3+ ions in
Ca(II)/Ca(II) (B) and Ca(I)/Ca(II) positions (C) at Ca2+ vacancy formation. The most energetically favorable geometry at Al3+ inclusion and H+
release (C). The color-coding is as follows: calcium in Ca(I) position, green; calcium in Ca(II) position, blue; phosphorus, pink; oxygen, red;
hydrogen, light gray; aluminum, yellow. The Ca2+ vacancy is indicated by the blue dotted line.
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Figure 14. SEM images of HA-based bioceramic granules (a, b), 0.5Al-HA (c, d), and 20Al-HA (e, f).
Table 6. Optical Density of Formazan Solution (OD; au, MTT Test) and Pool of Viable Cells (PVC, % Compared to Control) in
the Dynamics of Cultivation of Human Osteosarcoma MG-63 on the Bioceramic Granules and Set Cements and Polystyrene
(Control)
day of incubation
samples 1 3 7 increase of cell population, 7 vs 1 day, %
control (polystyrene) OD 0.498 ± 0.004 0.887 ± 0.007 1.090 ± 0.011 118.8
PVC 100% 100% 100%
HA OD 0.571 ± 0.027a 1.082 ± 0.012a 1.088 ± 0.001 90.5
PVC 114.6% 122.0% 99.8%
0.5Al-HA OD 0.580 ± 0.009a 1.124 ± 0.024a 1.265 ± 0.033a 118.1
PVC 116.5% 126.7% 116.1%
20Al-HA OD 0.682 ± 0.013a 1.348 ± 0.016a 1.437 ± 0.015a 110.7
PVC 136.9% 152.0% 131.8%
ap < 0.05 in comparison with the control (Student’s t-test).
The Journal of Physical Chemistry B Article
DOI: 10.1021/acs.jpcb.9b08157
J. Phys. Chem. B XXXX, XXX, XXX−XXX
J
clearly indicate that less energy is needed to introduce Mn2+
simultaneously with the nitrate ions than to insert the separate
impurities.46
Thus, the Al3+ incorporation slightly changes the lattice
parameters and leads to the local rearrangement of ions in its
proximity; the most pronounced distortion occurs in the anion
channel. On nitrate codoping, Al3+ tends to keep the HA-like
local surrounding and, therefore, tends to exclude the nitrate
impurity from the coordination sphere.
3.4. In Vitro Investigations. SEM images of the obtained
bioceramic granules are presented in Figure 14. Bioceramic
granules are characterized by the size of 0.5−1 mm, while the
grain size is up to 5 μm. The grains formed the porous skeleton
with the bimodal porous distribution of 10−50 μm porous
channels and 0.1−0.5 μm small pores. All samples did not cause
cytotoxicity in relation to the osteosarcoma cells. The PVC of all
bioceramic samples is higher than 100% and increases with Al
growth (Table 6).
According to the MTT test, the obtained granule surfaces
supported the adherence and proliferative activity of human
MG-63 osteosarcoma cells (Figure 15). The cultivation of the
cells on the HA and 0.5Al-HA materials did not demonstrate a
signiﬁcant diﬀerence in the optical density of the formazan
solution compared with the controlthe polystyrene media; at
the same time, 20Al-HA possessed more strongly marked matrix
characteristics.
The results show that HA and Al-HA materials have
cytocompatibility, that is, nontoxicity and marked matrix
characteristics of the surface.
4. CONCLUSIONS
In the present work, the Al-enriched HAs with a substitution
degree up to 20 mol % were synthesized by the coprecipitation
route and investigated by various analytical tools. The
introduction of Al resulted in a decrease of crystallinity degree
and formation of highly anisotropic particles. The inﬂuence of Al
on the carbonate and nitric radicals was established by EPR and
ENDOR. DFT calculations conﬁrm pronounced distortion in
the anion channel. We demonstrated the possibility of
introduction of a high amount of Al due to the substitution of
Ca accompanied by the release of protons from HA structure.
The scheme of the proposed charge compensation with the
trivalent cation introduction was demonstrated for the ﬁrst time.
Enhanced proliferation activity of MG-63 cells due to high Al
introduction in the HA structure is shown.
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